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Transmission electron microscopy (TEM)
Iron
Intermetallicsa b s t r a c t
The inﬂuence of iron on the formation of Al8Mn5 particles during twin roll casting of AZ31 magnesium
alloy and the alloy microstructure has been investigated. Flower-shaped Al8Mn5 particles with sizes of
50–500 nm were observed at the grain centres and the grain boundaries. Additionally, Fe-particles with
faceted morphologies and dimensions of less than 100 nm were observed at the centres of the Al8Mn5
particles, suggesting that the a-Fe particles acted as effective nucleation sites for the Al8Mn5 particles.
 2014 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/3.0/).1. Introduction
Magnesium alloys have gained industrial attention from the
automotive sector as attractive light weight structural materials,
especially die-cast AZ series and AM series magnesium alloys
[1,2]. However, cost-effectiveness in alloy processing has become
increasingly important. The twin roll casting (TRC) process as a
strip casting alternative exhibits several advantages including cast-
ing and rolling in a single step that result in improved microstruc-
tures with reduced grain sizes [3–5]. AZ31 Mg alloy, generally
comprising 3 wt.% Al, 1 wt.% Zn and 0.2–0.5 wt.% Mn, has been
widely exploited for commercial applications. It is well known that
the alloying additions to magnesium lead to formation of interme-
tallics during solidiﬁcation, where the cooling rates control the
size, morphology and distribution of the intermetallics in the
microstructure.
Manganese has been used as an alloying addition in Mg–Al
based magnesium alloys, leading to the formation of Mn-contain-
ing intermetallic particles during solidiﬁcation, which have been
widely studied for their grain reﬁning effect [6–8]. A further role
of the manganese alloying addition in Mg–Al based magnesium
alloys is to reduce the detrimental effect of iron on the alloy corro-
sion susceptibility [9]. Iron is inevitably present in magnesiumalloy melts, which has been reported to precipitate in the form of
iron particles or intermetallic compounds, Al–Fe or Al–Mn–Fe, dur-
ing the solidiﬁcation process [10,11]. Tamura et al. [12] observed
cross-shaped Al–Mn–Fe particles after rapidly cooling the AZ91
magnesium alloy molten melt from superheating temperatures
(900 C). Cao and co-workers [10,13] reported the formation of
Al-rich, Fe-rich and Mn-rich particles at the centres of the
grains in Mg–Al based magnesium alloys. A duplex nucleation
mechanism has also been reported that includes inoculation by
Al4C3 particles which act as active nucleation sites for the
formation of Al8Mn5 particles in the ﬁrst stage; the Al8Mn5
particles further act as effective nucleation sites for the a-Mg
grains in Mg–Al–Zn and Mg–Al–Mn magnesium alloys [14,15].
Kim et al. reported on the observation of Al–Mn dispersoid
particles in the interdendritic regions, with irregular shapes and
sizes ranging from 100 to 200 nm, in as-strip-cast ZMA6111
magnesium alloy [16].
Importantly, the formation mechanism of Al–Mn–Fe particles
and their contribution to the grain reﬁnement process are still
the subject of discussion [17,18]. The present paper mainly
focuses on the alloy microstructure and the inﬂuence of iron on
the formation of Al8Mn5 intermetallic particles in the TRC AZ31
magnesium alloy. Advanced microscopy approaches have been
employed in order to gain insight into the relationship between
the presence of iron and the formation of Al8Mn5 intermetallic
particles and their inﬂuence on the alloy microstructure, i.e. grain
size.
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AZ31 magnesium alloy strip sheets were produced by the conventional TRC
process [4] and investigated in the as-cast condition. The alloy compositional anal-
yses were performed using a Perkin–Elmer Optima 5300 dual view ICP-AES, con-
ﬁrming an iron content of 70 ppm in the alloy. Metallographic preparation was
conducted by sequential mechanical polishing using 240–4000 grit SiC emery
papers followed by polishing with 6, 3, 1 and 1=4 lm diamond pastes with a non-
aqueous lubricant. After polishing, the specimens were subjected to ultrasonic
cleaning for 15–20 min. Scanning electron microscopy (SEM) of the alloy was per-
formed using a PHILIPS XL30 ﬁeld emission gun instrument, equipped with an
energy dispersive spectroscopy (EDS) facility, at an accelerating voltage of 20 kV.
Thin foils required for transmission electron microscopy (TEM) were mechanically
ground and punched into 3 mm discs with an average thickness of less than
100 lm. The discs were ion beam thinned using a Gatan precision ion polishing sys-
tem (PIPS) at 5.0 kV and at an incident angle of 4–6. High resolution TEM was con-
ducted on a Tecnai FEG F30 instrument operated at an accelerating voltage of
300 kV.
3. Results and discussion
The scanning electron micrograph of Fig. 1a displays the rolled
surface of the TRC alloy, which comprises coarse dendritic grains of
average grain size of 600 lm. The general alloy microstructure
reveals directional growth of dendritic grains, with an average
value of the secondary dendrite arm spacing (SDAS) of 7 lm. Evi-
dence of rejected solute at the interface of the solidiﬁcation fronts
of the two adjacent dendritic grains is also revealed in the micro-
graph (indicated by arrows). Fig. 1b shows the components of
the typical alloy microstructure, namely the a-Mg matrix, the
Mg17Al12 phase, also termed the b-phase and Mn-rich intermetallic
particles (both compositions determined by EDX as shown later).
Ultra-ﬁne lozenge-shaped b-precipitates, of <500 nm dimensions
are clearly evident, close to the interdendritic regions in the bright
ﬁeld transmission electron micrograph of Fig. 1c. Fig. 1d shows a
bright ﬁeld transmission electron micrograph of the Mn-rich inter-
metallic particle, revealing its ﬂower (rosette)-shaped morphology.
Such Mn-rich intermetallic particles were observed at the centres
of the a-Mg grains and the grain boundary regions (Fig. 1d). The
Mn-rich particles have a sub-micron particle size, measuring 50–
500 nm. The ﬂower-shaped Mn-rich particles are signiﬁcantly dif-
ferent from the description of the blocky/angular Mn-containing
particles that are reported in literature [19]. The ﬂower-shapedFig. 1. (a) and (b) Backscattered scanning electron micrographs of the twin roll cast
AZ31 magnesium alloy displaying the as-cast microstructure with a dendritic grain
structure; (c) bright ﬁeld TEM image revealing b-precipitates; and (d) bright ﬁeld
TEM image showing the Mn-rich particle at a grain boundary (GB).particle morphologies and the ultra-ﬁne dimensions can be attrib-
uted to the relatively high cooling rates associated with the TRC
process. It has been suggested that normal cooling rates can facil-
itate larger particle growth compared with the higher cooling rates
that result in particle size reﬁnement in the magnesium melts [3].
The SEM image and associated EDX elemental maps shown in
Fig. 2 display the distributions of Mg, Zn, Al, Mn and Fe elements
in the TRC alloy microstructure, and the distributions of the b-
phase and Mn-rich particles in the a-Mg matrix. High Zn contents
at the interdendritic regions suggest segregation of Zn during the
solidiﬁcation process. The elemental maps and the corresponding
EDX analyses conﬁrm that the ﬂower-shaped particles are Mn-rich
intermetallic particles.
The high angle annular dark ﬁeld (HAADF) scanning transmis-
sion electron micrographs and the corresponding bright ﬁeld
images in Fig. 3 reveal the rosette-shaped Mn-rich particles from
the sheet interior (Fig. 3a and b) and the ﬂower-shaped particles
on the rolled surface (Fig. 3c and d). The surface microstructure
shows ﬂat, (2D) dendrite-like, sub-micron sized growth of the par-
ticles (Fig. 3c and d) while the sheet interior displays a rosette mor-
phology with multiple arms growing in all (3D) directions that
form a globular structure (Fig. 3a and b). The difference in the par-
ticle morphologies are a consequence of the solidiﬁcation intervals
available for the growth of the particles. The high cooling rates on
the rolled surfaces lead to rapid solidiﬁcation that restricts the par-
ticle growth and results in ﬁne particle sizes. In contrast, the sheet
interior which experiences relatively low cooling rates, shows fully
developed rosette-particle morphologies. The EDX analyses (Tables
1 and 2) at the points indicated in Fig. 3a and c revealed similar Al
and Mn distributions in the two particles that are close to theFig. 2. (a) Secondary electron micrograph; and (b)–(f) EDX maps showing Mg, Al, Zn
Mn and Fe elemental distributions respectively in the twin roll cast AZ31 Mg alloy.
Fig. 3. (a) and (c) HAADF STEM images and (b) and (d) the corresponding bright
ﬁeld TEM images of the Al8Mn5 particles located in the twin roll cast AZ31 Mg alloy.
Table 2
EDX point analyses acquired from the selected points indicated in Fig. 3c (at.%).
At.% Mg Al Mn Zn Fe
Point 1 4.2 57.7 36.5 0.1 1.5
Point 2 4.0 58.1 37.5 0.4 0.0
Point 3 3.9 57.6 38.0 0.5 0.0
Point 4 96.3 2.8 0.0 0.9 0.0
Fig. 4. (a) Bright ﬁeld transmission electron micrograph of the ﬂower shaped
Al8Mn5 particle with a faceted Fe-particle and (b) high resolution TEM lattice image
from the interface, highlighted in the framed region in (a).
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evident from the transmission electron micrographs that there
are individual nano-sized particles (appearing relatively dark in
the bright ﬁeld images and relatively bright in the HAADF images)
(50–150 nm), with faceted morphologies at the centres of the
Al8Mn5 particles, as indicated by arrows. EDX analyses conﬁrmed
the presence of Fe at the faceted particles (points 1 and, 2 in
Fig. 3a and point 1 in Fig. 3c). The Mg X-ray intensity arises from
the surrounding magnesium matrix as a result of the relatively
small size of the Al8Mn5 particle compared with the electron probe
diameter. The signiﬁcant difference between the X-ray interaction
volume and the size of the faceted particles also suggest that the Fe
contents in the particles could be signiﬁcantly higher than that
presented in the tables.
High resolution TEM analyses have been performed to ascertain
the crystal structure of the ﬂower-shaped intermetallic particles,
nucleated on the faceted iron particle as shown in Fig. 4a with
the lattice image revealed in Fig. 4b. The d-spacing values of
0.649 nm and 0.367 nm for the corresponding crystal planes of
Al8Mn5 {012} and {122} respectively conﬁrm the reported lattice
parameters of a = 1.265 nm and c = 1.586 nm for the rhombohedral
Al8Mn5 particle at ambient temperature [20]. Attempts were also
made to determine the crystal structure of the faceted Fe particles
at the centres of the Al8Mn5 particles. However, the relatively small
size of the Fe particles compared to the specimen thickness
prevented the acquisition of lattice images from the Fe particles.
Using PandaT simulation software and the thermodynamic data
calculations from the latest PanMg8 database [21], self-cooling
curves were generated under Schiel’s condition which revealed
the formation of Al8Mn5 intermetallic particles within a tempera-
ture regime of 635–631 C. This is consistent with the previous
report of the stable existence of Al8Mn5 particles in the temperatureTable 1
EDX point analyses acquired from the selected points indicated in Fig. 3a (at.%).
At.% Mg Al Mn Zn Fe
Point 1 5.2 56.4 35.8 1.2 1.4
Point 2 8.1 53.9 35.3 1.1 1.6
Point 3 5.2 56.9 35.9 2.0 0.0
Point 4 6.4 56.1 36.8 0.7 0.0range of 680–620 C in a magnesium alloy containing 0.1–0.3 wt.%
Mn [13]. The formation of Mn-containing particles in the early
stages of the solidiﬁcation process is due to the low solid solubility
of manganese in magnesium melts [1]. The narrow temperature
range over which Al8Mn5 formation occurs and the relatively high
cooling rates associated with the TRC process, ranging from 102 to
103 K/s [3], both favour ﬁne particle sizes since the solidiﬁcation
interval available for Al8Mn5 formation restricts growth of the par-
ticle. This is conﬁrmed by the sub-micron particle sizes evident in
Figs. 1 and 3.
Formation of stable bcc a-Fe particles in the magnesiummelt at
649 C was reported by Liu et al. [22]. In the present work, since the
magnesium melt was held at 670 C for 1 h, the formation of nano-
sized primary Fe particles is considered to occur in the initial
stages of the solidiﬁcation process. The presence of these nano-
sized Fe particles with ‘‘faceted edges’’ at the centres of the Al8Mn5
particles (as revealed in Figs. 1 and 3) clearly suggests that the Fe
particles acted as nucleation sites for the formation of the Al8Mn5
intermetallics.
Further, from the current study, it is clear that the ﬂower-
shaped morphologies of the ﬁne sized Al8Mn5 particles have the
potential to act as effective nucleants for the a-Mg grains. How-
ever, precise investigation needs to be conducted in order to con-
ﬁrm the potency/efﬁcacy of these Mn-containing particles. It is
worth further investigation because these particles have ultra-ﬁne
sizes (50–500 nm) and their number density is relatively high
(250 particles/cm2), which is necessary for any potent nucleants
to act as effective nucleating sites for the a-Mg grains.
4. Conclusions
1. Observation of ‘‘faceted’’ a-Fe particles with sizes less than
100 nm enclosed within the Al8Mn5 particles suggest that the
Fe-particles act as active sites for the formation of the Al8Mn5
particles.
2. These Al8Mn5 particles, with typical rosette, ﬂower and den-
dritic morphologies, and sub-micron particle sizes, were located
at the grain centres, grain boundaries and the interdendritic
regions.
198 S. Pawar et al. / Journal of Alloys and Compounds 628 (2015) 195–1983. The rolled surface showed a ﬂat dendrite-like particle morphol-
ogy, owing to the high cooling rates; while the sheet interior
revealed a compete globular particle growth as a consequence
of the low cooling rates of solidiﬁcation.
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